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D espite large body of experimental data showing successful use of neuroprotective agents in acute ischemic stroke treatment, translation of these findings to clinic has not been promising, suggesting that there is still much remaining to be learned. [1] [2] [3] One of the outstanding issues is that majority of animal neuroprotection studies did not specifically examine patency of the microvasculature, which is essential for satisfactory reperfusion after recanalization and, hence, to achieve parenchymal protection. 4, 5 The latter idea may seem to be obvious because recanalization in humans and experimental animals can rescue the penumbral tissue without any supplementary neuroprotective therapy. However, recent clinical trials consistently show that despite successful recanalization, reperfusion of the ischemic tissue is often incomplete and that a Background and Purpose-Reperfusion is the most significant determinant of good outcome after ischemic stroke. However, complete reperfusion often cannot be achieved, despite satisfactory recanalization. We hypothesized that microvascular protection was essential for achieving effective reperfusion and, hence, neuroprotection. To test this hypothesis, we have developed an in vivo model to differentially monitor parenchymal and vascular reactive oxygen species (ROS) formation. By comparing the ROS-suppressing effect of N-tert-butyl-α-phenylnitrone (PBN) with its blood-brain barrier impermeable analog 2-sulfo-phenyl-N-tert-butylnitrone (S-PBN), we assessed the impact of vascular ROS suppression alone on reperfusion and stroke outcome after recanalization. Methods-The distal middle cerebral artery was occluded for 1 hour by compressing with a micropipette and then recanalized (n=60 Swiss mice). ROS formation was monitored for 1 hour after recanalization by intravital fluorescence microscopy in pial vasculature and cortical parenchyma with topically applied hydroethidine through a cranial window. PBN (100 mg/kg) or S-PBN (156 mg/kg) was administered shortly before recanalization, and suppression of the vascular and parenchymal hydroethidine fluorescence was examined (n=22). Microcirculatory patency, reperfusion, ischemic tissue size, and neurological outcome were also assessed in a separate group of mice 1 to 72 hours after recanalization (n=30). Results-PBN and S-PBN completely suppressed the reperfusion-induced increase in ROS signal within vasculature. PBN readily suppressed ROS produced in parenchyma by 88%. S-PBN also suppressed the parenchymal ROS by 64% but starting 40 minutes later. Intriguingly, PBN and S-PBN comparably reduced the size of ischemic area by 65% and 48% (P>0.05), respectively. S-PBN restored the microvascular patency and perfusion after recanalization, suggesting that its delayed parenchymal antioxidant effect could be secondary to improved microcirculatory reperfusion. favorable outcome is best correlated with satisfactory reperfusion. 6 These observations suggest that success of recanalization therapies can be improved by diminishing incomplete reperfusion (no-reflow) caused by loss of patency of some microvessels during ischemia that persists after recanalization. 5, 7 Supporting the above view, a low dose of blood-brain barrier (BBB)-impermeable NO synthase inhibitor (L-N 5 -[1-iminoethyl]-ornithine) was equally neuroprotective to its BBB-permeable analog (low-dose N ω -nitro-L-arginine) when given 2 hours after middle cerebral artery occlusion (MCAo). -(1-iminoethyl)-ornithine, which is unlikely to pass through the BBB because the paracellular pathway is still closed to polar molecules at this early time point of ischemia, was shown to improve microcirculatory reperfusion after recanalization. A subsequent study that specifically investigated BBB penetration of H 3 -labeled adenosine after 2-hours of MCAo reported a striking neuroprotection with adenosine nanoparticles, despite the finding that adenosine did not penetrate into the parenchyma, supporting the idea that by improving reperfusion alone, it was possible to obtain neuroprotection. 9 In fact, the potential significance of microcirculatory reflow after stroke has been subject of many studies for the past 50 years. 7, 10 For example, a similar observation to the above was made with N-tert-butyl-α-phenylnitrone (PBN) and its derivatives long time ago; 2-sulfo-phenyl-N-tert-butylnitrone (S-PBN), which is BBB impermeable, was found to be equally neuroprotective to PBN that is highly liposoluble. 11 However, the patency of microvasculature, its correlation with the neuroprotection observed, and antioxidant effect of S-PBN were not studied in the latter study as in many other past studies. Based on this gap in the literature, a commentary by a group of stroke researchers in the aftermath of SAINT-II trial (Stroke-Acute Ischemic NXY Treatment-II) rightly recommended that the assumptions on the antioxidant actions of drugs must be directly assessed in stroke models at both pharmacodynamic and pharmacokinetic levels. 12 In line with these recommendations, we monitored reactive oxygen species (ROS) formation during ischemia/recanalization (i/r) on the vascular wall and in parenchymal cells in a mouse MCAo model by using intravital fluorescence imaging and then differentially studied the effects of PBN and S-PBN on extinguishing ROS in both compartments. This approach clearly documented that PBNs at the doses used suppressed ROS formation during recanalization. By taking advantage of S-PBN being BBB impermeable, we have been able to show that inhibiting ROS toxicity solely in the vasculature during recanalization can provide neuroprotection by promoting microvascular reperfusion. Therefore, diminishing no-reflow seems to be an important and viable target for recanalization therapies, and the model developed can be used to optimize the antioxidant treatments for improving their translational potential.
Conclusions-Promoting

Materials and Methods
A detailed Methods section can be found in the online-only Data Supplement. We declare that all data and the supporting materials are available within the article and its online-only Data Supplement.
Focal Ischemia/Recanalization
Male Swiss mice weighing 31±1 g were anesthetized with urethane (750 mg/kg intraperitoneally [IP] for induction followed by 500 mg/ kg supplement 30 minutes later). Urethane has almost no effect on cerebral blood flow (CBF), making it advantageous for ischemia research. Animals breathed a mixture of room air and supplemental oxygen through a face mask for the duration of the experiment, and the O 2 flow rate was varied (around 2 L/min) to maintain tissue O 2 saturation above 92% to avoid anesthesia-induced hypoxia. Oxygen saturation, pulse rate, and body temperature were monitored and maintained within the physiological range. Animal housing, care, and the experimental procedures were all done in accordance with institutional guidelines. The study was approved by Hacettepe University Ethics Committee (2010-21/5 and 2018/07-02).
We occluded distal main trunk of the right middle cerebral artery (MCA) by compressing with a blunted glass micropipette (50-70 µm tip) as described previously 13 ( Figure 1A ). Recanalization was obtained by retracting the micropipette. Ischemia (1 hour) and recanalization (1 hour) were confirmed by recording regional cerebral blood flow (rCBF) with laser speckle contrast imaging.
14 The details of the rCBF measurements can be found in the online-only Data Supplement.
Intravital Imaging of ROS
We opened a 2×2-mm cranial window, leaving the dura intact and filled with artificial cerebrospinal fluid at 37°C to maintain cortical physiological conditions. We added hydroethidine (Molecular Probes, 16 μM in 0.1% DMSO) into artificial cerebrospinal fluid 5 minutes before recanalization to monitor ROS formation by intravital fluorescent imaging under a stereomicroscope (Nikon SMZ1000) in a dark room. After recanalization, hydroethidine was washed out, and the cranial window was refilled with artificial cerebrospinal fluid. Fluorescent images of pial arterioles of 25 to 40 μm in diameter and venules of 30 to 60 μm together with cortical surface were captured every 2 minutes for the first half an hour and then every 5 minutes for another half an hour after recanalization (excitation, 543 nm; emission, >570 nm; exposure duration, 1.5 seconds) by using a CCD camera (Nikon DS-Qi1Mc) and NIS Elements Advanced Research Software v3.2.
Although hydroethidine can be oxidized by some other radical species too, limiting its use for quantifying superoxide formation, 15 this well-characterized fluoroprobe can still be used in vivo to semiquantitatively (eg, relative changes from baseline) monitor oxygen radical scavenging by nitrones.
Experimental Groups
A total of 63 mice were used for this study, 3 of which were sham operated.
Twenty-two mice were used for imaging ROS formation with hydroethidine. These mice were IP injected with either saline (n=6), PBN (n=7), or S-PBN (n=6) or were sham operated (n=3). Mice were allocated to groups by simple randomization; treatment compounds were applied in a randomized fashion, and the researcher who performed the in vivo experiments was blinded toward the treatment each mouse received. After 1 hour ischemia and 1 hour recanalization (1 hour i/r), mice were euthanized under high-dose chloral hydrate (1000 mg/kg, IP). To assess the effect of PBN and S-PBN on ischemia outcome (neuroprotection) and microcirculatory no-reflow, we used another set of mice that were injected with either saline (n=6), PBN (n=6) or S-PBN (n=6). These mice were euthanized 1 hour after recanalization.
PBN (100 mg/kg, IP) was administered 15 minutes before recanalization. S-PBN (156 mg/kg, IP) was administered twice, 10 minutes and just before recanalization. S-PBN was given twice because of its shorter half-life (9 minutes) 16 compared with PBN (3 hours).
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Image Analysis
We used ImageJ 1.48v and NIS Elements AR v3.2 software for analyzing fluorescent signal changes in vivo. The analyst was blind to the treatment. We carefully placed 10 regions of interest (ROIs) under high magnification using point-selection tool of ImageJ that can select pixelsized ROIs on arteriolar and venular walls and exclude perivascular signals. The relative changes in signal intensity from baseline (not the absolute values) were measured during the course of recanalization.
Measurement of the parenchyma signal intensity was complicated by lack of a sharp boundary delineating the cell from the surrounding neuropil. Accordingly, cellular signals within parenchymal ROIs of 0.01 mm 2 were semiquantitatively graded as weak, moderate, strong, and very strong according to their intensity. The same vascular and parenchymal ROIs were tracked throughout 1-hour recanalization.
Assessment of Neuroprotection, Microcirculatory No-Reflow, and BBB Integrity
Mice (n=18) were transcardially perfused with heparin (1000 IU/100 mL saline) followed by 4% paraformaldehyde (in phosphate-buffered saline) to thoroughly flush vessels out of blood. Brains were removed and kept in 4% paraformaldehyde for 24 hours. Five micrometer thick coronal sections were prepared from paraffin-embedded tissues and stained with cresyl violet. The ischemic area on coronal brain sections passing through the middle of cranial window where ROS measurements were obtained was delineated on Nissl-stained sections under phase-contrast microscope and measured on images captured by using NIS Elements AR v4.2 software ( Figure 1B) .
To assess the magnitude of no-reflow, paraffin-embedded sections were treated with 0.2% sodium borohydride in phosphate-buffered saline to render erythrocytes visible by reducing hemoglobin, hence, making it fluorescent. 8, 18 Microvascular segments with entrapped erythrocytes were counted in the ischemic cortex. To study the BBB integrity, 3 additional mice were transcardially perfused at the end of 1-hour i/r. Evans blue was injected IP on the 30th minute of recanalization (4% in saline, 200 μL) and repeated during transcardial perfusion. The brains were removed, and 20-μm-thick cryosections were analyzed under confocal microscope (Leica TCS SP8 DLS; Wetzlar, Germany).
The corner turn and adhesive removal tests were performed by 2 independent researchers to assess functional outcome in another group of S-PBN-treated and saline-treated mice after 1-hour i/r (n=6 per group). The mice were tested before surgery, 6, 24, 48, and 72 hours after transient MCAo.
Statistics
The values were presented as means with their SEM. Repeated measures designs in linear models were used for analyses to compare temporal changes of dependent variables. P values <0.05 were considered as statistically significant. Kruskal-Wallis and MannWhitney U tests were used to compare the parenchymal fluorescence intensity counts, ischemic area size, CBF changes, number of microvascular segments with entrapped red blood cells, and behavioral test results. Analyses were performed with SPSS21 (IBM Corp, Armonk, NY) and supervised by a statistician (D.Y.).
Results
The physiological parameters of the 63 mice studied were within the normal range (tissue oxygen saturation, 93%-100%; pulse rate, 380-450 per minute; temperature, 36.8-37.0°C).
Distal MCA Ischemia
In fluorescent imaging experiments, the rCBF within 4 ROIs in the penumbral MCA territory under the cranial window was 45.9±1.6% (mean±SEM of 19 mice in 3 groups) in agreement with the original report describing the model, 13 as well as the penumbral values detected by laser speckle contrast imaging after ligation of the distal MCA. 19, 20 Possibly because laser speckle contrast imaging is more sensitive to rCBF changes at the cortical surface and also to lateral scattering from pial vessels, the penumbral ischemic flow values detected were relatively higher than measured by other methods. 21 There was not any significant difference in the level of ischemia attained between the 3 experimental groups, in which ROS generation was monitored (saline, 43.8±2.7%; PBN, 47.3±2.6%; S-PBN, 46.5±3.6%).
ROS Production in Vascular Wall
Recanalization of the MCA after 1-hour ischemia resulted in a robust increase in ROS production both on pial arteriolar and venular walls (Figure 2A through 2C) . The fluorescent signal measured with the ROIs placed over the arteriolar wall increased to 176±24% of the basal intensity within the first 30 minutes of the recanalization and remained >160% throughout the second half hour ( Figure 2B and 2C) . Both PBN (100 mg/kg) and S-PBN (156 mg/kg; equimolar to PBN 100 mg/ kg) administered shortly before recanalization completely suppressed the increase in ROS signal starting from the beginning of the recanalization (P<0.001).
Although there are other potential targets of PBN than ROS, [22] [23] [24] suppression of the hydroethidine fluorescence by nitrones strongly suggests that the signal originated from ROS. This was further confirmed by showing that inhibition of NADPH oxidase-a major source of ROS-during i/r by apocynin (2.5 mg/kg, IP, 30 minutes before recanalization; 
ROS Production in Parenchyma
Unlike the vascular wall where the fluorescent signal formed a continuous narrow band along the vessel wall, the parenchymal signal appeared as spheres of 8 to 10 µm. Nuclear labeling with YOYO-1 applied into the cranial window (8 µmol/L for 5 minutes; n=2) showed that these fluorescent spheres corresponded to parenchymal cells. Removing the dura did not modify distribution of the spherical signals ensuring that dural cells (mostly spindle-shaped fibroblasts with 15-25-µm nuclear size) did not contribute to these signals.
Majority of the parenchymal cells exhibited strong/very strong fluorescence starting 10 minutes after recanalization in saline-injected controls (Figure 3) . PBN significantly suppressed the ROS signal from the beginning of recanalization such that only weak and moderate signals were observed (P<0.05 versus saline-treated group). The intensity of remaining signals was within the same range with the ROS signal observed in sham-operated mice. On the other hand, the suppressive effect of S-PBN was partial and delayed (by 64% 1 hour after recanalization) and was found to be significantly different from the saline-treated mice values only toward the end of the monitoring starting on the 40th minute (P=0.03; Figure 3 ).
Neuroprotection
In neuroprotection experiments, the decrease in rCBF within 4 ROIs in the penumbral MCA territory was 42.6±1.8% (n=18 mice in 3 groups). The level of ischemia was not significantly different between the groups (Table) . Occlusion of the distal MCA for 1 hour with this method had previously been shown to cause pannecrosis involving the cortex fed by the distal MCA when detected 72 hours after ischemia. 13 However, to be able to correlate the microcirculatory dysfunction and intensity of ischemic injury with the antioxidant action of PBN and S-PBN observed above, we examined the histological changes after 1-hour i/r because pathological cascades that will take place later can confound subsequent histological changes. We took liberty to take this approach because PBNs were repeatedly shown to reduce the infarct volume detected at 24 hours after MCAo in rodents. [22] [23] [24] [25] At this early time point during the course of infarct development, the ischemic MCA area exhibited cellular edema and nuclear condensation ( Figure 1C ). We were able to delineate this area by changes in tissue transmittance of Nissl-stained sections with phase-contrast microscopy ( Figure 1B) . We found that 1-hour i/r in saline-treated controls resulted in an ischemic zone of 1557±313 µm 2 in the ipsilateral cortex under the cranial window where ROS measurements were obtained. PBN and S-PBN both significantly reduced the ischemic area (552±116 µm 2 , P=0.01; 807±71 µm 2 , P=0.03, respectively; Figure 4B ), suggesting that despite the fact that S-PBN has direct effect only on the vascular wall as demonstrated above (Figures 2 and 3) , it can provide similar degree of neuroprotection to PBN (P=0.15 versus S-PBN-treated group; Figure 4B ). To assess whether or not this neuroprotection is sustainable, we evaluated the sensorimotor function (the main neurological deficit developing in distal MCA occlusion models 26, 27 ), 6, 24, 48, and 72 hours after 1-hour i/r. S-PBN-treated mice had significantly better outcome with corner turn and adhesive tape removal tests compared with saline-treated mice (n=6 mice per group; Figure 4C and 4D).
Microcirculatory No-Reflow
The robust and rapid suppression of vascular ROS signal by S-PBN followed by a delayed parenchymal antioxidant effect led to the hypothesis that its parenchymal effect could be secondary to improvement of the microcirculatory reflow because S-PBN is a highly polar, BBB-impermeable molecule; hence, it is not expected to penetrate parenchyma at this early time point after ischemia. 28 To assess this possibility, we first confirmed that the BBB was intact at the end of 1-hour i/r by showing that systemically administered Evans blue did not leak into tissue (n=3; Figure 5A ). We then quantified the capillary segments with entrapped erythrocytes (indicating microcirculatory no-reflow), 8 after 1-hour i/r. This analysis revealed that S-PBN indeed significantly restored the 
Regional CBF Change After Recanalization
To verify that S-PBN might have improved microcirculation after recanalization, we calculated the mean rCBF change within 4 ROIs throughout 1-hour recanalization recorded with laser speckle contrast imaging, which basically monitors the microcirculatory flow. Despite the comparable levels of ischemia in all groups, postrecanalization measurements obtained from the same 4 ROIs in the ischemic area revealed that the mean rCBF recovery was not complete within 1 hour after recanalization in the saline-treated group (values are given in the Table) . In contrast, S-PBN and PBN completely restored tissue reperfusion after recanalization (P<0.05 versus saline-treated group; Table; Figure 5B).
Discussion
Our findings demonstrate that PBN can suppress parenchymal and vascular wall oxygen radical generation during reperfusion, whereas its BBB-impermeable derivative, S-PBN, has direct effect only on vascular wall as anticipated. 22, 23, 29 However, both agents provided similar degree of neuroprotection, and detailed studies showed that S-PBN secondarily decreased parenchymal oxygen radical generation by improving microcirculatory reflow after recanalization. These findings illustrate, to our knowledge for the first time, that promoting reperfusion by microvascular protection can indirectly reduce parenchymal radical toxicity and provide neuroprotection.
Although neuroprotective action of radical scavengers is a much investigated subject, their effects have rarely been studied at cellular level in vivo by differentiating the parenchymal and vascular compartments. 30 Our model allowed us to simultaneously achieve these goals under in vivo conditions. With this approach, we were able to directly assess the targeted pharmacological end points in situ at cellular level 
Table. Average rCBF Change During Ischemia and Recanalization
Ischemia Recanalization and differentially demonstrate suppression of ROS in parenchymal and vascular cells. This approach unambiguously led the below conclusions that were previously inferred based on relatively indirect observations and measurements:
1. PBN penetrates well to brain parenchyma and rapidly scavenges the oxygen radicals generated in parenchymal cells contrary to claims that PBN being a weak antioxidant does not reach to high-enough concentrations in the target tissue to be effective. 23 PBN also suppresses radicals generated in the vascular wall. Importantly, these observations exclude the possibility that the radicals generated within the vascular wall may consume PBN before reaching to parenchyma, suggesting that the dose of PBN used may provide protection by vascular and parenchymal actions in the mouse brain. These findings illustrate the potential of our model to choose the correct dose and dosing interval of an agent for the targeted pharmacological aims by directly observing them. The reduction in infarct volume does not necessarily indicate that the drug reached the parenchyma because these changes could be secondary to vascular protection. Differentiating between the parenchymal and vascular actions is required for gaining mechanistic insight and rationale drug development although determining the infarct size alone might seemingly be satisfactory as a clinically relevant end point in final analysis. 2. S-PBN does not penetrate parenchyma but effectively suppresses ROS generated within the vascular wall.
Interestingly, S-PBN also provides neuroprotection probably secondary to improved microcirculation after recanalization, which may then decrease ROS generation by parenchymal cells. Because S-PBN is lipophobic, it is not expected to penetrate brain parenchyma at this early time point after ischemia when tight junctions between the endothelia (the conduit for water-soluble molecules) are still intact. 28 Indeed, no measurable S-PBN was detected in the brain when administered to rats 3 hours after brain trauma although trauma rapidly causes BBB opening. 16 Furthermore, being a polar, lipophobic molecule, S-PBN is not expected to penetrate not only BBB but also into cells; hence, it is considered as an extracellular antioxidant. 29 Therefore, the reduction in ROS signal within parenchymal cells cannot be attributed to delayed penetrance of S-PBN through a leaky BBB but to improved microcirculation, which reduces the cellular metabolic stress to parenchymal cells and their radical generation. The latter argument is supported by demonstration of an intact BBB at the end of 1-hour i/r and improved rCBF after recanalization by laser speckle recordings. 31, 32 This was further confirmed by showing prevention of erythrocyte entrapments within microcirculation by S-PBN. These observations verify that radical scavenging can prevent microvascular clogging after recanalization (no-reflow), as proposed previously. 8 However, unlike previous studies, here, we limited the duration of ischemia and recanalization to 1 hour and, investigated all parameters at the end of 1-hour ischemia and 1-hour recanalization to minimize the effect of confounding factors that will develop during the course of ischemia. For example, later, PBNs may also act on inflammation, invasion of inflammatory cells, and opening of the BBB (eg, S-PBN action would not be limited to vasculature), all of which may modify the interpretation of our observations. 22, 23 These findings have important translational potential because evidence from recent clinical trials shows that recanalization does not always lead to reperfusion of the ischemic tissue in patients treated with tPA (tissue-type plasminogen activator) or interventional methods. 6, 33 A recent study that specifically evaluated the relationship between reperfusion and recanalization reported that reperfusion could not be attained in 57% of the recanalized patients receiving tPA within 4.5 hours. 34 The incomplete reperfusion is not limited to intravenous tPA treatment but is also seen after intra-arterial recanalization therapies. 35 Experimental studies suggest that the damage induced by ischemia to microvessels limits reperfusion (no-reflow) after recanalization and plays a critical role in determining tissue survival. 5, 8 Magnetic resonance studies specifically measuring capillary transit time in patients with stroke support these experimental findings and underscore the importance of capillary transit time heterogeneity in oxygenation of the ischemic tissue beyond the patency of upstream vessels. 36 In light of these recent developments, we think that therapies targeting microcirculation is the Figure 5 . Blood-brain barrier (BBB) was still intact when 2-sulfo-phenyl-N-tertbutylnitrone (S-PBN) was administered. Systemically administered Evans blue did not leak into the tissue indicating that BBB was intact at the end of 1-hour ischemia/recanalization (A, a representative tile scan image of ischemic cortex acquired by laser-scanning confocal microscope; scale bar=100 μm; in inset, 10 μm). N-tert-butyl-α-phenylnitrone (PBN) improved tissue reperfusion after recanalization; representative mean rCBFchange maps acquired by laser speckle contrast imaging throughout ischemia and recanalization are illustrated for each group (B). Drift in z axis (vessel shift) was inevitable because of the blood volume changes in the ischemic/reperfused tissue. Scale bar on the right shows that cold colors represent a decrease, whereas hot colors, an increase in rCBF from baseline. The average values measured at 4 regions of interest (boxes) are given in the Table. next step to improve the success of recanalization therapies for ischemic stroke. 4 Combination of parenchymal protection with improving microvascular reperfusion is likely to be the ideal approach. Recent interventional trials clearly show that a prolonged therapeutic window exists if the tissue is supported by residual blood flow at penumbral levels, which creates hopes that tissue areas with lower flow levels can also be rescued by combining microvascular and parenchymal protection. Therefore, differential (parenchymal versus vascular) examination of the pharmacological end points targeted with radical scavengers or other antioxidant treatments in situ in intact animals may be highly instrumental in identifying the correct agents, dose, and dosing time to prevent clinical failures as experienced with NXY. 1 For example, neuroprotection observed with S-PBN administered 2 hours after MCA ischemia was hypothesized to be provided by penetration of S-PBN through damaged BBB 11 contrary to our findings in the present study. In the above study, the additional doses of S-PBN given after the first day are likely to have acted on inflammatory mechanisms because neurons are irreversibly damaged by 24 hours although the BBB becomes permeable to S-PBN. Similarly, detection of PBN or S-PBN levels in the brain after systemic administration cannot give a direct estimate of how efficiently radicals in different compartments were suppressed as demonstrated in our study. The method we developed in the present study is specifically tailored to investigate the postulated actions of antioxidant treatments to better predict their translational potential.
